ABSTRACT Digital coding metasurfaces, composed of only two types of unit cells with opposite phase responses (0 and π ) that can map to the usual binary elements ''0'' and ''1'', are capable of generating coded pulsed sequences of electromagnetic waves. In this paper, we present a generic extensible strategy for designing dual-functional anisotropic coding metasurfaces based on all-dielectric resonators. The polarizationdependent beam manipulations are achieved via encoding the metasurfaces with different coding sequences in the two orthogonal polarizations of the electromagnetic wave propagating through the surface. As proof of concept, we show it is possible to achieve line focusing and point focusing in a single coding metasurface when illuminated by the x-or y-polarized electromagnetic waves. We also present anisotropic coding metasurfaces for realizing multi-beam generation and polarization-selected mirror/diffuse reflection. The near-field distributions and far-field scattering patterns extracted from full-wave simulations are presented to show the multiple functions of the metasurfaces and good conformance with theoretical predictions.
I. INTRODUCTION
Metamaterials made up from subwavelength building blocks have attracted enormous interest in recent years [1] - [3] . Due to their ability to tailor the permittivity and permeability beyond material composites found in nature, such metamaterials can be structured to manipulate electromagnetic waves in an unprecedented way. For example, many unusual electromagnetic properties not readily found in nature have been achieved by utilizing metamaterials, including invisibility cloaks [4] , negative refraction material [5] , and realization of perfect imaging [6] . In spite of these diverse functionalities of metamaterials, advances in the technological progress of metamaterial have been greatly limited because of bulky volumes, excess weight, and excessive intrinsic losses [7] , [8] . Metasurfaces, the two-dimensional form of metamaterials, have ultrathin structures, low losses, and conformal capabilities, which could perfectly compensate the shortcomings of bulk metamaterials [9] - [11] . Particularly, metasurfaces have shown considerable potential for a wide range of applications,
The associate editor coordinating the review of this manuscript and approving it for publication was Shah Nawaz Burokur. including perfect absorption [12] , polarization control [13] , beamforming [14] , low scattering [15] , vortex beam generation [16] and aberation-free flat lenses [17] .
Recently, some quasi-continuous metasurfaces have been presented to further decrease the phase quantitative error [18] - [20] . Meanwhile, a concept of coding metasurfaces have been proposed to control electromagnetic waves, including anomalous beam reflection and diffuse scattering [21] . Two types of metasurface unit cells with 0 and π phase responses, representing '0' and '1' binary elements, respectively, are utilized for digital encoding there. For greater utility, pre-designing digital metasurfaces and programmable metasurfaces controlled by a field-programmable gate array is desired especially in applicating requiring functionalities, such as steering, bending, focusing and random electromagnetic wave scattering with the reasonable arrangements of the binary elements [21] - [23] . In addition, coding metasurfaces can also be controlled by varying the light intensity [24] , [25] . Because of the isotropic geometries of the unit cells, the coding behaviors in such coding schemes are independent on the polarization status of the electromagnetic waves [26] , [27] . Recently, digital anisotropic coding metamaterials have also been proposed [28] . The polarization control through anisotropic coding sequences are flexible and independent, and multiple functionalities can be realized via different polarizations. At radio frequencies, almost all coding metasurfaces are based on metallic subwavelength resonators. As an alternative, recent developments in high-permittivity dielectric materials suggest an alternative mechanism originated from Mie resonances [29] - [31] , which shows the possibility of all-dielectric coding metasurfaces for the manipulation of electromagnetic waves. Compared to metallic resonator based metasurfaces, the use of dielectric resonators enables high efficiencies as they do not suffer from intrinsic nonradiative losses in metals.
In this letter, we present designs of dual-functional alldielectric coding metasurfaces. The proposed all-dielectric unit cells can achieve 0 ( '0' binary state) or π ('1' binary state) phase response under two orthogonal polarizations at 4 GHz. The manipulation of the reflected electromagnetic waves, including beam focusing, multi-beam generation, and diffuse scattering are achieved by all-dielectric metasurfaces with different coding arrays of '0' and '1' elements. We show that multiple functions supported by the anisotropic coding metasurfaces can be realized by altering the polarization directions of the incident wave. The simulated results agree well with theoretical predictions, substantiating the methodology and validity of the proposed design. Fig. 1 shows a schematic of the unit cell of the metasurface, which is made out of an all-dielectric cubic block placed on a metallic ground. The dielectric material we chosen is a high-permittivity ceramic, 0.7Ba 0.6 Sr 0.4 TiO 3 -0.3La(Mg 0.5 Ti 0.5 )O 3 (BST), which has a high dielectric constant (ε r = 110) and a relatively low dielectric loss (tanδ = 0.0015). The thickness of the dielectric block is h = 2 mm and the period constant is d = 20 mm. The lengths of the dielectric block along the x and y directions are a and b, respectively. The metallic ground is assumed to be a perfect electric conductor. The anisotropic electromagnetic response of such a unit cell can be controlled by varying the side lengths a and b. The electromagnetic performance of the unit cells are studied via full-wave simulation using CST Microwave studio. Periodic boundary conditions are applied along the x and y directions with perfectly matched layer boundary condition applied to the z direction.
II. UNIT CELL DESIGN
In order to construct an anisotropic 1-bit dual-function metasurface for the x and y polarizations of the incident wave, it is necessary to have four unit cells that can generate the four coding elements, '0/0', '0/1', '1/0', and '1/1', where '0' and '1' refer to standard binary digits (i.e., 180 • phase difference). Here, the elements '0/0' and '1/1' have isotropic responses whereas the remaining other two elements have anisotropic responses for the x and y polarizations. As the working frequency is set at 4 GHz, after parametric study, the geometrical parameters of the four unit cells are given in Fig. 2 .
Figs. 3(a) and 3(b) show the reflection magnitudes and phases of the four unit cells under an x-polarized incident wave. Owing to the relatively low dielectric loss of the BST ceramic, the reflection magnitudes for all cases were kept relatively high values and are around 0.97 at 4 GHz. This clearly show that the all-dielectric digital coding metasurface will have high efficiency. In Fig.3(b) , we see that the reflection phase curves for '0/0' and '0/1' show similar trends, while those for '1/0' and '1/1' are almost overlapped. Particularly, the reflection phases at 4 GHz are φ 0/0 = φ 0/1 = 85 • and φ 1/0 = φ 1/1 = −95 • , the difference of which is exactly 180 • . This implies that the change of the coding sequence along the y direction will not affect the performance of the metasurface for the x-polarized illumination. We can make use of this fact for designing polarization-dependent meta-mirror with dual functionalities. It is worth mentioning that the proposed four unit cells will have similar reflection responses under y-polarized illumination, since the unit cells for '0/1' and '1/0' are exactly the same but differs by a rotation angle of 90 • . Therefore, by appropriately arranging the four coding elements '0/0', '0/1', '1/0', and '1/1', different digital coding sequences can be independently generated in both polarizations.
To further illustrate the scattering modes supported by the dielectric resonator, we analyzed the electric and magnetic field distributions in the '0/1' unit cell to show electromagnetic resonance behavior at the working frequency around 4 GHz. It is seen in Fig. 4 that a magnetic resonance is dominated for the '0' state while an electric resonance is found for the '1' state. Owing to this difference, the reflection phases of the two states show 180 • difference.
III. DUAL-FUNCTIONAL CODING METAMATERIALS A. THEORETICAL ANALYSIS
Assuming a metasurface consisting of N × N lattices, under normal incidence of the plane waves, the scattering phase of the (m, n)-th lattice ϕ mn could be expressed as,
where 'α/β' is the coding element of the (m, n)-th lattice with α and β being either 0 or 1. It is worth noting that each unit cell as listed in Fig. 2 is designed assuming periodic boundary conditions. This implies that the coupling between unit cells is also considered during the design process. When designing a coding metasurface with different digital coding sequences, these coupling considerations are not automatically extended to account for coupling between adjacent unit cells as they are of different geometries. To minimize any extraneous effects arising due to such neglect of inter-coupling and boundary conditions, each lattice of the coding metasurface is assumed to be made of a sub-array (M × M ) of identical unit cells. Therefore, the length of one square lattice is equal to D = Md.
1) FOCUSING PROPERTIES
A focal point will be obtained once an equal-phase wavefront is formed. The reflection phase of each unit cell should compensate the spatial phase delay due to the optical path difference between the distance from the focus point to the unit cell and focal length. The required phase shift of the reflection coefficient at the (m, n)-th lattice to achieve point focusing at F(x F , y F , z F ) is:
where k = 2π/λ is the wave vector in free space, ξ m = (m − 0.5)Md and η n = (n − 0.5)Md are the positional coordinates of the center of the (m, n)-th lattice.
Since the proposed unit cell only has two-phase states, the continuous phase shift should be quantized to:
When three-dimensional coordinate system degenerates into two-dimensional, the point-focused system will become a line-focused case.
2) SCATTERING PROPERTIES
The scattering pattern of the metasurface is given by:
where u represents the polarization of the metasurface, which could be x or y. AF u (θ, ϕ) is the array factor, f mn (θ, ϕ) is the scattering pattern of the (m, n)-th lattice. θ and ϕ are the elevation and azimuth angles of an arbitrary direction, respectively. Since all the unit cells show nearly uniform reflectance, it is reasonable to assume f mn (θ, ϕ) is fixed for all lattices. According to the planar array theory [32] , AF u (θ, ϕ) can be written as:
Here, f u r,mn and f u p,mn are the phase components of each lattice attributed to reflection and position, respectively. Note that f u i,mn is the phase component of the incident wave, which can be normalized as 1 for each lattice due to the use of plane wave in this work. Hence, according to scattering theory [33] , the directivity function Dir u (θ, ϕ) of the metasurface, which shows the radiation energy concentrated in the direction of θ and ϕ, can be expressed as:
According to the above equation, the scattered fields can be controlled through the coding sequences of the metasurface lattices. For example, when the periodic coding sequence is 010101. . ./010101. . ., the normally incident beam will predominantly be reflected into two symmetrically oriented directions with ϕ 1 = 90 • and 270 • , and θ 1 = arcsin(λ/2D). For the periodic coding sequence of 010101. . ./101010. . ./010101. . ./101010. . ., the normally incident beam will mainly be reflected to four symmetrically oriented directions with ϕ 2 = 45 • , 135 • , 225 • , 315 • , and θ 2 = arcsin(λ/ √ 2D). When the local reflection phases of coding unit cells are randomly distributed, the metasurface can be used for reducing the scattering of the electromagnetic waves by redirecting electromagnetic energies to all directions. Compared to a metallic plate with the same size, the RCS reduction (RCSR) caused by the coding metasurface is
where λ is the free space wavelength. The best RCS reduction can be achieved through optimizing the distribution of '0' and '1' lattices on coding metasurfaces. 
B. DESIGN OF ANISOTROPIC ALL-DIELECTRIC CODING METASURFACES
As a first example, an anisotropic metasurface is designed for beam focusing when illuminated by a normally incident plane wave. We encode a metasurface with rings of '0' and '1' binary elements to achieve point focusing and lines of '0' and '1' binary elements to achieve line focusing under x-and y-polarization, respectively. By combining those two isotropic coding arrays, the anisotropic metasurface with corresponding quantized coding array G 1 is built up, as depicted in Fig. 5 . The metasurface includes 48 × 48 unit cells. Here, the entire encoded metasurface is numerically studied in CST Microwave Studio, where open boundary conditions are applied to the four lateral sizes of the metasurface. Under an x-polarized excitation at 4 GHz, a well-defined focusing line x = 580 mm is clearly observed, as shown in Fig. 6(a) . Meanwhile, Fig. 6 (b) presents a focusing point (551 mm, 551 mm) when the metasurface is under a y-polarized excitation. The normalized electric field intensity results provide with us the decisive evidence for the powerful focusing capability of the metasurface. In addition, under x-and y-polarized incidences, the focusing efficiencies, defined as the ratio of the reflected power in the focusing regions (marked in Fig. 6 ) to the incident power, are 29.75% and 18.86%, respectively. Even through the reflectance of the all-dielectric unit cell is nearly uniform (over 97%), the quantitative phase level ('0' and 'π ') limits the focusing performance, which results relatively low focusing efficiencies. Such an issue could be overcome VOLUME 7, 2019 by employ continuous phase variation in the design of metasurfaces.
Besides, we encode a metasurface with a coding sequence of '010101. . ./010101. . .' along the x direction and a coding sequence of '010101. . ./101010. . .' along the y direction. Then, the coding array G 2 can be formed by repeating a coding matrix, 0/1 1/0 0/0 1/1 .
Here, each lattice is composed of 4 × 4 unit cells (M = 4). With such coding sequences, the metasurface is able to reflect the x-polarized (or y-polarized) incident planar wave into two (or four) beams, as per the derivation in (4). The elevation angles of reflection can be calculated as θ x = arcsin(λ/2D) = 28.0 • and θ y = arcsin(λ/ √ 2D) = 41.5
• under x-and y-polarizations, respectively. The encoded metasurface with coding array G 2 includes 6×6 lattices, as illustrated in Fig. 7 . Under a plane wave excitation, the three-dimensional (3D) far-field scattering patterns of the anisotropic coding metasurface are shown in Figs. 8(a) and 8(b) at f = 4 GHz. It is seen that, for the x-polarized case, most of the incident electromagnetic energy is deflected to two symmetrically oriented directions in the plane parallel to the polarization directions. While for the y-polarized case, the incident beam is deflected to four symmetrically oriented beams with 45 • with respect to xoz and yoz planes. The elevation angles for these two cases are θ x = 27.0 • and θ x = 39.2 • , which matches very well with the theoretical expectation. The slight disturbance observed in the scattered electric field to the real reflection phases is attributed to adjacent lattice coupling, which makes the reflection phases of the binary elements are not exactly 0 or π at 4 GHz. However, this effect can be suppressed if the size of each lattice contains more identical elements.
When the normally incident electromagnetic beam has a polarization angle of 45 • (with respect to the x axis), it will split into six beams, as shown in Fig. 8(c) . This is because that the incident beam has both polarization components, where two reflected beams are contributed to the x component while another four beam are contributed to the y component of the incident beam. It is worth noting that the intensities of these beams can be arbitrarily controlled by adjusting the polarization angle of the incident beam. Such a digital coding metasurface can be used as a multi-beam generator or a tunable beam splitter.
The anisotropic all-dielectric digital coding metasurface can also be designed for mirror reflection for the x-polarized beam (with all units on '0' state) and diffuse reflection for the y-polarized beam (with a randomly generated coding sequence), depicted as the coding arrays G 3 in Fig. 9 . In such a case, the normally incident x-polarized beam is perfectly reflected back, as shown in Fig. 10(a) . However, for the y-polarization, the scattered fields are very much suppressed in all directions, as observed in Fig. 10(b) . This confirms the significant reduction of monostatic RCS from the metasurface. The diffuse scattering is caused by the destructive inference resulting from the random phase distributions of the unit cells, and indicates that the scattering of a metallic plate can be significantly reduced by covering these encoded metasurfaces. To characterize the scattering reduction performance, we show the monostatic RCS obtained by full-wave simulation, as shown in Fig. 11 . Compared to a metallic plate of equivalent size to that of the metasurface, an RCS reduction of at least 10 dB is guaranteed within the frequency band of 3.90 -4.05 GHz and the peak value of RCS reduction is over 18 dB through the coding metasurface with coding array G 3 .
IV. CONCLUSION
In summary, we have presented a generic scheme for the design of dual-functional anisotropic digital coding metasurfaces using all-dielectric resonator building blocks. To illustrate the versatility of our scheme, we showcased three metasurfaces with various digital coding arrays that utilized both polarizations. The beam focusing, beam splitting, and diffuse scattering features were demonstrated via different digital coding arrays and the results indicate that these metasurfaces exhibit polarization-dependent multiple functionalities. Numerical simulations of the near field results and far field scattering patterns confirmed the multiple functionalities of the proposed metasurfaces. The proposed digital anisotropic coding metasurface may find useful in multibeam generation, tunable beam splitting, flexible beam focusing and RCS reduction. 
